. At the mossy fiber-CA3 synapse, for instance, the induction of synaptic long-term potentiation 3 Department of Neurophysiology University of Cologne (LTP) appears to be independent of Ca 2ϩ influx into the postsynaptic CA3 neurons (Zalutsky and Nicoll, 1990 1A, filled symbols) 1 hr after tetanization. Blocking R-type Ca 2ϩ channels with 100 M Ni 2ϩ resulted in a mice (122% Ϯ 6%, n ϭ 10) and Ca v 2.3 Ϫ/Ϫ mice (123% Ϯ 5%, n ϭ 8), as well as following application of 100 M pronounced reduction of mossy fiber LTP (107% Ϯ 16%, n ϭ 5, Figure 1B , p Ͻ 0.05 compared to control condiNi 2ϩ in Ca v 2.3 ϩ/ϩ mice (119% Ϯ 7%, n ϭ 11, no significant differences). Thus, of the two distinct forms of LTP that tions). A similar result was obtained with the putative R-type-specific antagonist SNX-482 (500 nM), which can be elicited within the CA3 region (Zalutsky and Nicoll, 1990), Ca 2ϩ influx mediated by Ca v 2.3 channels also reduced mossy fiber LTP (118% Ϯ 17%, n ϭ 5, Figure 1D, , we prolonged the mitter release because the relationship between intratetanic stimulation 2-fold without altering the total numcellular Ca 2ϩ and release probability is highly nonlinear ber of stimulations (2 trains at 100 Hz, 100 stimulations (Dodge and Rahamimoff, 1967). This, however, was not each, 10 s apart). This stimulation protocol did not furthe case: blocking R-type channels by perfusion of 100 ther enhance the potentiation of synaptic transmission M Ni 2ϩ did not reduce fEPSP amplitudes (100% Ϯ 5.8% in wild-type mice (194% Ϯ 8.0%, n ϭ 4, Figure 1E) , of preapplication baseline, n ϭ 5, Figure 2A ). In contrast, indicating that the LTP induction is maximal with the low concentrations (300 M) of the unspecific competibrief tetanization protocol. In contrast, when Ca v 2.3-tive Ca 2ϩ channel antagonist Co 2ϩ (Nachshen, 1984), mediated currents were reduced by 100 M Ni 2ϩ , the which reduced presynaptic Ca 2ϩ entry to a similar delong stimulation protocol restored a normal potentiation gree as 100 M Ni 2ϩ (cf. Figures 6D and 6G ), caused a of synaptic transmission (196% Ϯ 10%, n ϭ 5, Figure strong reduction of mossy fiber fEPSPs (to 51% Ϯ 2.5%, 1E) that was significantly larger when compared to the n ϭ 6, Figure 2B Figure 1E , leftmost bar graph), indicating that increased Ca 2ϩ accumulation via channels are required when this form of LTP is induced by brief tetani. Thus, it could be that the increased release nels other than Ca v 2.3 can restore mossy fiber LTP.
Apart from the induction of LTP, the amount of postprobability is due to an improved coupling of Ca v 2.3 channels to the release process. This should result in tetanic potentiation (PTP) is also considered to be dependent on the intraterminal Ca 2ϩ concentration followincreased sensitivity of mossy fiber fEPSPs to block of Ca v 2.3 channels. We therefore induced mossy fiber LTP ing tetanic stimulation (Regehr et al., 1994). We therefore analyzed whether PTP is altered in parallel to changes in with the brief stimulation protocol (4 ϫ 50 stimuli), resulting in a potentiation to 188% Ϯ 10% (n ϭ 6) 30 min the amount of LTP in the different experimental groups. Indeed, PTP after brief tetanic stimulation in wild-type after tetanization (corresponding to time point 1 in Figure  2C ). As under baseline conditions, mossy fiber fEPSPs mice (850% Ϯ 100%, n ϭ 6) was significantly reduced following application of Ni 2ϩ (497% Ϯ 53%, n ϭ 5) and were not sensitive to application of 100 M Ni 2ϩ (98% Ϯ 9.1% of preapplication baseline, n ϭ 6). These results SNX-482 (516% Ϯ 111%, n ϭ 5) and in Ca v 2.3 Ϫ/Ϫ mice (539% Ϯ 96%, n ϭ 6, Figure 1D, (Figures 3C and 3D) . Brief tetanic stimulation at the frequency used to inrized in Figure 5F ). In summary, the Ca 2ϩ imaging data reveal a substantial contribution of Ni 2ϩ -sensitive Ca v 2.3 duce mossy fiber LTP (20 impulses at 100 Hz) resulted in a large, cumulative Ca 2ϩ increase in mossy fiber termisubunits to presynaptic Ca 2ϩ transients. Since synaptic transmission and plasticity induced by nals (10 Ϯ 1.0 ⌬F/F (%), n ϭ 12, Figure 5D ). In Ca v 2.3 ϩ/ϩ mice, blocking N-and P/Q-type channels with combined single or low-frequency stimuli is not Ca v 2.3 dependent, we asked whether there might be a smaller contribution application of -conotoxin MVIIC (3 M), -conotoxin GVIA (2 M), and -agatoxin IVa (500 nM) revealed a of R-type channels to Ca 2ϩ transients elicited by single stimulations. Pharmacological isolation of the R-type substantial residual Ca 2ϩ influx that contributed 31% Ϯ 2% to the peak of the Ca 2ϩ transient induced by tetanic component as above yielded a fraction of 24% Ϯ 1.6% (n ϭ 11, Figure 5E , left panel, summarized in Figure 5F ). stimulation (n ϭ 8, Figure 5D , leftmost and rightmost panels, summarized in Figure 5F ). This residual Ca 2ϩ This fraction is significantly smaller than that observed during a tetanus (31%, see above, p Ͻ 0.05). As extransient was inhibited by 100 M Ni 2ϩ and 500 nM SNX-482 by 53% Ϯ 3% (n ϭ 3) and by 54% Ϯ 1% (n ϭ 5), pected, the R-type component induced by single stimuli was significantly reduced in Ca v 2.3 Ϫ/Ϫ mice (5.8% Ϯ 3%, respectively ( Figure 5D , leftmost and rightmost panels, summarized in Figure 5G ). In Ca v 2.3 Ϫ/Ϫ mice, the amplin ϭ 4, Figure 5E , right panel, summarized in Figure 5F ). tude of the cumulative Ca 2ϩ increase was significantly smaller (8.1 Ϯ 0.7 ⌬F/F (%), n ϭ 4, p Ͻ 0. Figure 7A , summarized in Figure 7C ). On the contrary, 79% Ϯ 1.8% ( Figures 6D and 6F , n ϭ 4, p Ͻ 0.05).
in Ca v 2.3 Ϫ/Ϫ mice, in which mossy fiber terminals contain The latter result is also noteworthy because the same virtually exclusively N-and P/Q-type Ca 2ϩ channels (see concentration of Ni 2ϩ did not inhibit fast synaptic trans- Figure 5 ), the individual Ca 2ϩ transients remained conmission at all (cf. Figure 2A) . Moreover, 300 M Co 2ϩ stant during the stimulation and showed no facilitation caused a very similar reduction of presynaptic Ca 2ϩ as (99% Ϯ 3.4%, n ϭ 6, p Ͻ 0.05, Figures 7B and 7C ). 100 M Ni 2ϩ (to 79% Ϯ 2.3%, n ϭ 4, Figure 6G ), but An interesting mechanism that could explain why indivery efficiently depressed fast synaptic transmission by vidual Ca 2ϩ transients become larger during repetitive acti-‫%05ف‬ (cf. Figure 2B) The present study addresses a fundamental question in presynaptic function: can certain subtypes of presynto trigger full LTP and PTP. This idea is consistent with the observation that LTP and PTP can be rescued by aptic Ca 2ϩ channels contribute selectively to the induction of synaptic plasticity but not to fast neurotransmitter more prolonged tetani. This finding clearly illustrates that mossy fiber LTP and PTP can be induced following release? Our results suggest that this is the case for presynaptic R-type Ca 2ϩ currents mediated by Ca v 2.3 Ca 2ϩ entry via only N-and P/Q-type channels, provided that the stimulation protocol is adequate to allow suffisubunits.
We examined the role of these channels in synaptic cient Ca 2ϩ accumulation. Nevertheless, Ca v 2.3 channels . Therefore, Ca 2ϩ ions entering through a remote R-type channel will only minimally and full PTP toward briefer patterns of presynaptic activity. In marked contrast to their role in LTP and PTP, increase the peak of the local Ca 2ϩ concentration at the Ca 2ϩ sensor and consequently transmitter release. Ca v 2.3 channels clearly do not contribute to glutamate release elicited by single action potentials. Thus, presyn-N-and P/Q-type Ca 2ϩ channels, on the other hand, are thought to be closely associated with the Ca 2ϩ -sensing aptic Ca v 2.3 channels are specialized to augment the generation of mossy fiber LTP and PTP without affecting part of the release machinery, so that these channels can trigger highly synchronous transmitter release. Our the low release probability of this synapse. Experiments in cultured invertebrate sensory neurons have also experiments are consistent with this scenario. Inhibiting Ca 2ϩ entry by ‫%02ف‬ with Co 2ϩ (see Figure 6G) , a hinted at a functional specialization of presynaptic dihydropyridine-sensitive Ca 2ϩ channels, which do not apcompetitive Ca 2ϩ channel antagonist (Nachshen, 1984), strongly reduced mossy fiber fEPSPs by ‫%05ف‬ (see pear to contribute to neurotransmitter release elicited by single action potentials, but do promote recovery Figure 2B ). This is in good agreement with the reported power law exponent of mossy fiber synapses (m ϭ 2.4 to from synaptic depression due to high-frequency stimulation (Eliot et al., 1993) . ). The reasons for this discrepancy are at present unclear. Bechannels is also suggested by the selective binding of some presynaptic Ca 2ϩ channels to proteins of the neucause this former study was performed on young rats (P14-P19), whereas the recordings described here were rotransmitter release machinery (Bennett et al., 1992 
